Abstract | During an infection, T cells can differentiate into multiple types of effector and memory T cells, which help to mediate pathogen clearance and provide long-term protective immunity. These cells can vary in their phenotype, function and location, and in their long-term fate in terms of their ability to populate the memory T cell pool. Over the past decade, the signalling pathways and transcriptional programmes that regulate the formation of heterogeneous populations of effector and memory CD8 + T cells have started to be characterized, and this Review discusses the major advances in these areas. REVIEWS NATURE REVIEWS | IMMUNOLOGY VOLUME 12 | NOVEMBER 2012 | 749
A T cell response to an acute infection can be characterized by three distinguishable phases: clonal expansion, contraction of the T cell population and memory formation (FIG. 1) . As the antigen-specific T cells clonally expand, they differentiate into effector cells, many of which enter the blood and migrate to sites of infection. Infections with viruses or intracellular bacteria induce type 1 responses, which are the focus of this Review. These responses promote the differentiation of CD8 + T cells into cytotoxic T lymphocytes (CTLs) that kill infected cells (through granzymes and perforin) and secrete cytokines such as interferon-γ (IFNγ) and tumour necrosis factor (TNF). CD4 + T cells concurrently differentiate into T helper 1 (T H 1) cells, which also produce IFNγ, TNF and interleukin-2 (IL-2), to coordinate the antiviral immune response and mediate direct killing of virus-infected immune cells. In addition, CD4 + T follicular helper cells (T FH cells) form and initiate B cell germinal centre responses to generate high-affinity neutralizing antibodies. Although these pools of effector CD4 + and CD8 + T cells formed during type 1 responses are dominated by particular effector traits (such as IFNγ production and cytotoxicity), closer inspection shows that these cells are not uniform and can be separated into subsets based on differences in gene and protein expression, additional effector functions, migratory patterns, proliferative capacity and long-term fate [1] [2] [3] . Following the elimination of the infecting pathogen, effector CD8 + T cells undergo a precipitous contraction phase wherein the majority of pathogen-specific effector CD8 + T cells die by apoptosis, but typically a small percentage (~5-10%) survive to further mature into memory CD8 + T cells. This process of selecting out the memory T cell pool is not entirely random, as originally proposed 4 , because memory cell potential is not inherited equivalently by all effector cells (in other words, they are not equipotent). Rather, some CD8 + T cells are intrinsically better able than others to persist and populate the memory CD8 + T cell pool (FIG. 1) . In certain well-characterized model systems of infection, such as with lymphocytic choriomeningitis virus (LCMV) or Listeria monocytogenes, a small subset of effector T cells that is enriched for memory precursor cells has been distinguished based on the increased expression of IL-7 receptor subunit-α (IL-7Rα), CD27 and B cell lymphoma 2 (BCL-2), and decreased expression of killer cell lectin-like receptor G1 (KLRG1) [5] [6] [7] [8] [9] . These phenotypic distinctions are not exclusive criteria for forming memory T cells nor do they represent universal markers for memory precursor cells across all types of immune response, because death is also observed in the IL-7Rα hi effector T cell compartment following infection and the frequency of KLRG1 hi IL-7Rα low cells can vary widely across different types of infection and vaccination 6, 10, 11 . Moreover, many long-lived KLRG1 hi IL-7Rα hi memory CD8 + T cells are observed following secondary infections [12] [13] [14] , and these cells are discussed below. Importantly, however, these markers do offer a means of determining the relative memory cell potential and lifespan of effector CD8 + T cells in several circumstances, in particular during primary infections, and they have become valuable for identifying pathways that regulate these crucial cell fate decisions.
After an acute infection, memory CD8 + T cells are maintained in an antigen-independent, cytokinedependent manner mainly through the actions of IL-7 and IL-15, which promote memory CD8 + T cell survival and self-renewal (through homeostatic (basal) proliferation) 15 . A distinguishing feature of memory CD8 + T cells is their ability to rapidly generate effector functions and to produce a 'burst' of secondary CTLs that can rapidly contain a secondary infection. However, it is now evident that these properties can vary according to the phenotype, function and location of the memory CD8 + T cells (as recently reviewed in REF. 16) 
. For example, central memory T cells (T CM cells) residing in secondary lymphoid organs have greater proliferative potential than effector memory T cells (T EM cells), but T EM cells (in contrast to T CM cells) constitutively display certain effector functions (such as cytotoxicity) 17 . Interestingly, repetitive reactivation of memory CD8 + T cells through vaccine boosters or successive infections cumulatively augments the effector-like properties of memory CD8 + T cells and the frequency of T EM cells in the resulting memory T cell pool 13, 14, 16 . Given that there have been major mechanistic advances in our understanding of the formation of diverse types of effector and memory CD8 + T cells over the past few years, in this Review we discuss how several factors -including antigens, cytokines and other environmental cues -influence CD8 + T cell transcription, metabolism and differentiation during acute infection. We comment only briefly on the effects of chronic viral infection on CD8 + T cell function and differentiation
, as this topic has been covered recently in other excellent reviews 18, 19 .
Models of T cell diversification
Several potential mechanisms have been put forward to explain how heterogeneous pools of effector and memory CD8 + T cells arise during infection (FIG. 2) . This raises the more general question of how effector CD8 + T cell differentiation is balanced to enable the formation of cells with various phenotypes, functions and short-or long-term fates. Separate-precursor model. It is unlikely that naive T cells are 'pre-programmed' during thymic development to adopt certain differentiation states following activation (FIG. 2a) , because elegant studies using adoptive transfer of single CD8 + T cells or cellular barcoding have demonstrated that a single naive T cell is multipotent and can give rise to both effector and memory T cells, including both T CM and T EM cells 20, 21 . However, it is important to note that these studies were carried out with T cell receptor (TCR)-transgenic CD8 + T cells and, therefore, potential effects of different TCR signalling strengths have not been thoroughly examined.
Decreasing-potential model. One idea is that repetitive stimulation of T cells with antigens and pro-inflammatory cytokines drives greater proliferation and terminal effector cell differentiation (FIG. 2b) . As the T cells acquire terminally differentiated states they retain their effector functions and cytolytic capacity, but lose memory cell properties, such as enhanced longevity, proliferative potential and IL-7Rα expression. Such a linear progression model, often referred to as the decreasing-potential model, provides a mechanism for creating a spectrum of effector T cells at various differentiation states according to the cumulative history of signals that were encountered during infection 4 . Supporting this model are studies showing that truncating the duration of antigen exposure and decreasing inflammation through antibiotic treatment or dendritic cell immunization accelerates memory T cell formation, and that latecomers in a T cell response (when antigen availability is decreased) preferentially acquire T CM cell properties 6, 8, [22] [23] [24] . However, other T cell subsets with intermediate differentiation states also exist that have mixed phenotypes, longevities and abilities to self-renew, as depicted by the yellow and green populations. Over time, there may also be some interconversion between these subsets.
Effector memory T cells (T EM cells)
. A subset of memory T cells that are normally CD62L low CCR7 low and that reside in non-lymphoid tissues.
Cellular barcoding
A tool for clonal analysis. Retroviral vectors with random sequences (that are referred to as 'barcodes') are transduced into progenitor cells. On integration, each vector introduces a unique, identifiable and heritable mark into the host cell genome, allowing the clonal progeny of each cell to be tracked over time.
Asymmetric cell division
A process that produces two daughter cells with different cellular fates. This is in contrast to symmetric cell division, which gives rise to daughter cells of equivalent fates. Signal-strength model. Another model also allows for the formation of heterogeneous effector cell populations in a manner dependent on the overall 'strength' of the signals delivered by the antigen (signal 1), co-stimulation (signal 2) and pro-inflammatory cytokines (signal 3) encountered early during T cell priming 25 (FIG. 2c) . In combination, a strong signal can drive greater clonal expansion and be important for selecting out T cells that are competent to form memory cells, but when delivered in excess, a strong signal can also cause terminal effector T cell differentiation. This model differs from the decreasing-potential hypothesis in that different cell fates can be specified early during the response, in a more divergent manner, according to the intensity of the signals received, rather than in a linear, stepwise manner driven by successive rounds of stimulation. Asymmetric cell fate model. The signal-strength model is also conceptually similar to the asymmetric cell fate model, which supports the notion that memory and effector T cell fates can arise from a single precursor T cell through asymmetric cell division that occurs as the activated T cells clonally expand and might even begin as early as the first cell division 26 (FIG. 2d) . Evidence indicates that the daughter cell that inherits the immunological synapse receives stronger TCR and co-stimulatory signals -in addition to signals mediated by pro-inflammatory cytokines, such as IL-12 and IFNγ -owing to its proximity to the antigen-presenting cell (APC). When integrated within the decreasing-potential model, the unequal inheritance of 'effector cell differentiation factors' (in the form of TCR and cytokine signalling) through asymmetric cell division following repetitive encounters with antigen-bearing APCs enables some activated T cells to collectively amass a stronger set of differentiation signals, driving them towards terminal differentiation. In addition, this process simultaneously preserves a population of less-differentiated cells that have greater memory cell potential and stem cell-like qualities.
The above models are not mutually exclusive and, ultimately, they achieve the same net result -the formation of effector T cells with a spectrum of differentiation states. At one end of the spectrum are effector T cells with greater memory cell potential and longevity, and 16, 17, [122] [123] [124] [125] . Both T CM and T EM cell populations are thought to continuously circulate through blood vessels, and there is evidence that they might interconvert as they pass through lymphoid and non-lymphoid tissues 16, [124] [125] [126] [127] [128] [129] . Emerging evidence indicates that other memory T cells reside long-term in the brain and mucosal tissues (such as the lungs, gut and skin) and show only limited levels of egress and recirculation (in particular, this is the case for CD8 + memory T cells in the skin 109, [114] [115] [116] [117] [118] ). Such memory T cells have been referred to as tissue-resident memory T (T RM ) cells 125, [130] [131] [132] [133] [134] . These cells have a characteristic CD103 hi CD69 hi CD27 low phenotype and, in certain cases, they also express high levels of granzyme B 106, [111] [112] [113] [114] [115] . It is likely that the generation of diverse memory T cell subsets ensures optimal protective immunity through the division of labour. Following secondary infection, T EM and T RM cells normally confer immediate effector functions and first-line defence at the portal of pathogen entry, whereas the recall response of T CM cells generates a larger number of secondary effector cells more rapidly than during a primary response to control pathogens that breach the initial containment. For example, T RM cells formed in the lungs or skin confer better protection than other memory T cell subsets in response to secondary influenza or vaccinia virus infections, whereas T CM cells are better at restraining chronic systemic lymphocytic choriomeningitis virus (LCMV) infections 13, 127, 130, 132 .
*Following localized infection, tissue-specific chemokine and adhesion molecule signals direct the migration of effector and memory T cells to the sites of infection. For example, CC-chemokine receptor 9 (CCR9) and integrin α4β7 are required for homing to the gut, whereas CCR4, CCR10 and cutaneous lymphocyte antigen (CLA) are required for homing to the skin. (FIG. 3) . Such a 'gradient model' provides plasticity within an effector T cell lineage to allow cells to transit between differentiation states according to the net signal input. This flexibility might be important for keeping the T cell response in sync with the infection, which can vary in burden, duration and tropism.
Cell type

Signal strength influences effector T cell fate
The CD8 + T cell response to infection conceptually has two primary goals. The first is an immediate goal of generating large numbers of CTLs to help to eliminate the present infection. The second is a long-term goal of retaining a cellular subset with enhanced longevity and regenerative capacity to protect against future encounters with the same pathogen. What are the signals and transcriptional programmes that control effector CD8 + T cell differentiation to successfully achieve both of these outcomes?
The three major classes of signals that modulate T cell proliferation and effector and memory CD8 + T cell differentiation are delivered by antigens (signal 1), co-stimulation (signal 2) and inflammation (signal 3). During infections, crucial co-stimulatory receptors for CD8 + T cells (and their interacting ligands, which are written in parentheses) include 4-1BB (4-1BBL) and CD27 (CD70), but CD28 (CD80 and CD86), CD40 (CD40L) and OX40 (OX40L) are also important in certain infectious settings [27] [28] [29] [30] [31] [32] . The main pro-inflammatory cytokines produced during viral and other intracellular infections are type I IFNs, IFNγ, IL-2, IL-12, IL-27 and IL-33, which enhance the proliferation, differentiation and survival of CTLs 11, 22, 23, [33] [34] [35] [36] [37] [38] [39] [40] [41] . Potential mechanisms by which these cytokines promote CTL survival include increasing the expression of cytokine and co-stimulatory receptors (such as CD25, OX40 and 4-1BB), of cysteine and serine protease inhibitors (such as the granzyme B inhibitor SPI6 (encoded by Serpinb9)) and of BCL-3, an NF-κB inhibitor (IκB) family member that is thought to limit the transcription of nuclear factor-κB (NF-κB)-dependent genes 42 . Signals 1, 2 and 3 are closely linked and inseparable in vivo during infection, and the duration or relative amount of these signals can affect the number, phenotype, function and long-term fate of effector CD8 + T cells. For example, the extent of CD8 + T cell clonal expansion is typically in direct proportion to antigen abundance and/or affinity [43] [44] [45] . Furthermore, clonal expansion can be decreased by reducing the overall exposure to antigens and inflammation by shortening the duration of the infection, by recruiting naive T cells at the tail-end of the infection or by increasing the precursor frequency of antigen-specific naive CD8 + T cells (which increases intraclonal competition for cognate antigen and cytokines). However, these interventions can also hasten the differentiation of memory precursor cells and/ or T CM cells 6, 8, 22, 24, [46] [47] [48] [49] . In addition, experimentally increasing the amount of inflammation, when the levels of antigen presentation are held relatively
Box 2 | T cell exhaustion
During chronic infections -for example with HIV, hepatitis B virus and hepatitis C virus in humans and with lymphocytic choriomeningitis virus (LCMV) clone 13 in mice -the persistent encounter with antigen alters the function and gene expression of virus-specific CD8 + T cells 18, 19, 124 . Such changes have been referred to as T cell 'exhaustion' because the antigen-specific T cells display a hierarchical loss of interleukin-2 (IL-2), tumour necrosis factor and interferon-γ production, impaired proliferation and, to some degree, decreased cytotoxic activity 18, 19, 124 . The maintenance of antigen-specific T cells during chronic viral infection seems to be more dependent on the presence of the antigen and less dependent on IL-7 and IL-15, in stark contrast to the maintenance of the functional memory CD8 + T cells that form after acute infection or in response to most vaccines 135 . These functional changes have been associated with increased expression of inhibitory receptors such as programmed cell death protein 1 (PD1), lymphocyte activation gene 3 (LAG3), CD244 and CD160 (REF. 18 ).
Gene expression profiling studies have revealed that exhausted T cells develop a transcriptional state distinct from that of functional effector and memory CD8 + T cells. A few transcription factors have been found to be functionally important in this process, including B lymphocyte-induced maturation protein 1 (BLIMP1), T-bet, eomesodermin and basic leucine zipper transcriptional factor ATF-like (BATF) 18, 73, 136, 137 . BLIMP1 expression in virus-specific CD8 + T cells is increased during chronic LCMV infection compared with acute infection and promotes the expression of the inhibitory receptors mentioned above, which suppress the function and proliferation of cytotoxic T lymphocytes (CTLs) 73 . However, deletion of Blimp1 does not rescue CTL 'exhaustion', owing to the fact that BLIMP1 also enhances granzyme B expression and CTL function 73 . Interestingly, rendering virus-specific CD8 + T cells haploinsufficient for BLIMP1 provided a healthier balance between effector cell function and exhaustion, and improved viral control 73, 138 . Similarly to its role in driving CTL differentiation during acute infections, T-bet sustains CTLs during persistent infection. In fact, T-bet expression decays over time in antiviral CD8 + T cells as the degree of dysfunction and PD1 expression increase during chronic viral infection 137 . T-bet directly binds to and represses the Pd1 gene, and consequently T-bet deficiency leads to increased PD1 expression and decreased CD8 + T cell function and survival 137 . Eomesodermin is also necessary for the persistence of virus-specific CD8 + T cells, but in contrast to T-bet it seems to promote the generation of PD1 hi (perhaps terminally exhausted) CD8 + T cells (E. John Wherry, personal communication). BATF is another transcription factor that is upregulated in exhausted CD8 + T cells; it is induced by PD1 activation (in response to the engagement of PD1 ligand 1) and impairs CD8 + T cell proliferation and cytokine production 138 . These data underscore the versatility of transcription factors in regulating multiple differentiation and functional states in CD8 + T cells. Understanding how their activity, binding partners and regulation of target gene expression are adjusted in each situation will be crucial for a thorough understanding of CD8 + T cell differentiation.
Greater effector T cell potential
Greater memory T cell potential Nature Reviews | Immunology Naive 'memorydetermined' T cell 11, 52 . Together, these results indicate that the clonal expansion and differentiation of effector CD8 + T cells are tightly coordinated with the environment during an immune response. As the intensity of inflammation and T cell signalling (through the TCR and co-stimulatory receptors) increases, more CTLs and memory T cells can be generated (up to a point), but in some cases this decreases memory cell formation because it can also cause more of the activated T cells to adopt terminally differentiated states.
In physiological situations, how then does a CD8 + T cell sense the level or duration of signals 1, 2 and 3 in vivo to adopt diverse differentiation states during an infection? Certainly, an activated T cell's microenvironment and the cell types that it interacts with are key -a point that is nicely demonstrated by recent data showing that the early migratory patterns of activated T cells influence their commitment to particular cell fates. In the case of effector CD8 + T cells, CXC-chemokine receptor 3 (CXCR3)-dependent trafficking to virus-infected cells enhances terminal differentiation, probably owing to increased exposure to antigens and type I IFNs [53] [54] [55] . In the case of CD4 + T cells, CXCR5-dependent trafficking to B cell follicles enforces T FH cell development owing to interactions with antigen-presenting B cells. Supporting these data, our laboratory found that effector and memory T cell subsets are differentially localized to distinct splenic compartments during LCMV infection. The KLRG1 low IL-7Rα hi memory precursor cells were found in both the red pulp and T cell zones, whereas KLRG1 hi IL-7Rα low terminal effector CTLs were found exclusively in the red pulp 56 . In addition, it is interesting to speculate how exposure to anti-inflammatory signals or molecules that suppress TCR activation might offset pro-effector signals that drive terminal effector T cell differentiation and instead promote memory cell potential. For example, increasing the number of regulatory T (T Reg ) cells present at the time of CD8 + T cell priming increases the frequency of IL-7Rα hi memory precursor cells that form following vaccination with modified vaccinia virus Ankara 57 . Moreover, in the absence of the regulatory cytokine IL-10, fewer IL-7Rα hi memory precursor cells and memory CD8 + T cells develop following an L. monocytogenes infection 58 (W.C. and S.M.K., unpublished observations), and transforming growth factor-β (TGFβ) receptor deficiency increases the frequency of KLRG1 hi terminal effector T cells. However, the effect of TGFβ might have more to do with its selective effect on the apoptosis of KLRG1 hi cells than their differentiation 59 . Thus, it is likely that the balance of pro-and anti-inflammatory signals in the microenvironment of a CD8 + T cell influences the degree to which it differentiates. As the cells acquire terminally differentiated states they remain functional and cytolytic but lose memory cell properties, such as enhanced longevity and proliferative potential. c | In the signal-strength model, the formation of heterogeneous effector cell populations is dependent on the overall 'strength' of the signals (signals 1, 2 and 3 denote antigen, co-stimulatory molecules and cytokines, respectively) that are encountered early during T cell priming. In combination, a strong signal may drive greater clonal expansion and be important for selecting out T cells that are competent to form memory cells, but when delivered in excess these signals may also cause terminal effector T cell differentiation. d | The asymmetric cell fate model suggests that effector and memory T cell fates can arise from a single precursor T cell through asymmetric cell division that occurs as early as the first cell division after antigen stimulation. Evidence suggests that the proximal daughter cell (which is closer to the antigen-presenting cell (APC)) adopts an effector cell fate, whereas the distal daughter cell (which is further from the APC) adopts a memory cell fate. T CM , central memory T; T EM , effector memory T; T TM , transitional memory T. 
Transcriptional regulation of T cell differentiation
The past decade represents the dawn of a molecular revolution in the field of effector and memory CD8 + T cell development as the transcriptional circuitry that underlies this process has started to be elucidated. Several transcription factors that regulate effector and memory CD8 + T cell development have been identified. Interestingly, several of them function in pairs that form counter-regulatory axes to simultaneously produce effector T cells that provide both short-and long-term protection -in other words, to regulate effector and memory cell potential (FIG. 3) .
T-bet and eomesodermin. T-bet and eomesodermin (EOMES), two T-box transcription factors, have crucial roles in the formation and function of effector and memory CD8 + T cells. In early activated CD8 + T cells, T-bet and EOMES cooperate through partially redundant activities to create CTLs by inducing the expression of IFNγ, granzyme B, perforin, CXCR3 and CXCR4 (REFS 6, 38, (60) (61) (62) . CD8 + T cells lacking both T-bet and EOMES lose CTL identity and abnormally differentiate into IL-17-producing CD8 + T cells that cause excessive neutrophil infiltration and a lethal inflammatory syndrome during LCMV infection 63 . T-bet expression is induced initially by TCR signalling and amplified by IL-12-mediated signals and mammalian target of rapamycin (mTOR) activity in effector CD8 + T cells 6, 64, 65 . The expression of EOMES seems to be induced subsequently to that of T-bet in a RUNX3-dependent manner and can be amplified by IL-2, but repressed by IL-12 and mTOR, in part through inhibition of the transcriptional activator forkhead box O1 (FOXO1) 38, 64, 66, 67 . In memory CD8 + T cells, T-bet and EOMES cooperate to sustain memory CD8 + T cell homeostasis through expression of IL-2Rβ (also known as CD122), which enables IL-15-mediated signalling and the homeostatic proliferation of memory cells 6, 38, 61, 62 . CD8 + T cells lacking T-bet are impaired in forming KLRG1
hi IL-7Rα low terminal effector cells and, when overexpressed, T-bet is sufficient to induce the formation of these effector cells 6 . This finding supported a model whereby accumulating amounts of T-bet in effector CD8
+ T cells could drive their terminal differentiation 6 . By contrast, EOMES-deficient effector CD8 + T cells efficiently generate KLRG1 low IL-7Rα hi memory precursor cells, but are unable to generate memory cells with normal expression of CD122, CD62L, CXCR3 and CXCR4, which are involved in IL-15-mediated signalling and homing to lymph nodes and bone marrow. Thus, populations of memory CD8 + T cells lacking EOMES contain fewer T CM cells and have impaired homeostatic turnover and long-term persistence 62 . Interestingly, although T-bet and EOMES cooperate in many regards, their expression is somewhat reciprocal. For example, T-bet expression is highest in early effector CD8 + T cells, but progressively declines as memory cells form 14 . Conversely, EOMES is upregulated in early effector CD8 + T cells by IL-2, but in keeping with its role in memory T cell homeostasis its expression increases further during the effector to memory cell transition, possibly in response to WNT signalling and the transcription factor TCF1 (also known as TCF7; discussed further below) 14, 38, 62, 68 . Thus, the ratio of T-bet to EOMES is highest at effector cell stages and lowest at memory cell stages. Together, these data indicate that the phenotype, function and long-term fate of effector CD8 + T cells are acutely sensitive to the relative ratio of T-bet and EOMES 6, 14, 60, 62 . Currently, we do not have a thorough understanding of how this ratio is regulated, or how T-bet and EOMES might direct each other's expression, but the balance of FOXO1 activity and exposure to pro-inflammatory cytokines (such as IL-12, type I IFNs and IL-2) and other factors (such as IL-4, IL-10, IL-21 and WNT signalling) during infection is certainly involved 52, 64, 65, 67, 68 . + T cells can be distinguished by the expression of several surface markers, such as killer cell lectin-like receptor G1 (KLRG1), IL-7 receptor subunit-α (IL-7Rα), CD27, CXC-chemokine receptor 3 (CXCR3) and CD62L. c | The transcriptional programmes that control terminal effector cell differentiation and memory cell potential seem to be based on the graded expression or activity of certain competing sets of transcription factors. As the relative expression or activity of T-bet, B lymphocyte-induced maturation protein 1 (BLIMP1), inhibitor of DNA binding 2 (ID2) and signal transducer and activator of transcription 4 (STAT4) increases and surpasses a given threshold during infection, effector CD8 + T cells acquire more terminally differentiated phenotypes that are associated with a reduction in proliferative capacity and longevity. These factors counter-regulate, and can also interact with, an opposing set of transcriptional regulators, including eomesodermin (EOMES), B cell lymphoma 6 (BCL-6), ID3 and STAT3, that prevent terminal differentiation of effector T cells and help to maintain memory cell properties. Note that to some extent this figure is a conceptual diagram, as the exact amounts of the different transcription factors or their activities have not been accurately measured in all cases. 
E protein transcription factors
Key transcriptional regulators that control many aspects of lymphocyte development. E proteins bind as homodimers or heterodimers to DNA at their canonical E box sites, where they function as transcriptional activators or repressors. There are four E proteins in mammals, namely E47, E12, HEB and E2-2.
JAK-STAT signalling
A signalling pathway that transmits information from cell-surface receptors for specific chemical signals outside the cell to gene promoters in the DNA in the cell nucleus, which causes DNA transcription and activity in the cell.
BLIMP1 and BCL-6. B lymphocyte-induced maturation protein 1 (BLIMP1; also known as PRDM1) and BCL-6 are a pair of antagonistic transcription factors that function as genetic switches for cell fate decisions in B and T cells 69 . Characterizing the target genes and transcriptional cofactors with which BLIMP1 interacts will be important for understanding how effector and memory CD8 + T cell differentiation states are regulated.
BCL-6 is a well-characterized antagonist of BLIMP1 activity, and its expression is inversely correlated with that of BLIMP1 in effector and memory CD8 + T cells 75 . Our recent study showed that, during LCMV infection, IL-7Rα hi memory precursor T cells express slightly more BCL-6 than do KLRG1 hi IL-7Rα low effector cells, but as the virus-specific memory CD8 + T cells mature (and BLIMP1 expression decreases) BCL-6 progressively accumulates 75 . IL-10 and IL-21, signalling through signal transducer and activator of transcription 3 (STAT3), are likely candidates for sustaining or possibly even increasing BCL-6 expression in memory CD8 + T cells following acute infection 75 . BCL-6 is crucial for the formation of mature self-renewing T CM cells 76, 77 . CD8 + T cells that overexpress BCL-6 generate increased numbers of memory cells and, in particular, T CM cells 78 . BCL-6 functions in association with various co-repressors (such as NCOR1, SMRT (also known as NCOR2) and BCOR), and recent data from CD4 + T cells have shown that BCL-6 and T-bet interact directly, which can have two consequences. First, the recruitment of BCL-6 to T-bet target genes can cause repression of these genes; and, second, this interaction with T-bet blocks the DNAbinding domain of BCL-6, thereby interfering with its ability to repress BCL-6 target genes 79, 80 . These data suggest that the relative concentrations of BCL-6 and T-bet in a cell ultimately determine whether or not a complex is formed; it is probable that these factors only operate independently of one another when they surpass a certain expression threshold or ratio 79 . Incorporating into this model the respective reciprocal expression patterns of EOMES with T-bet and BCL-6 with BLIMP1, one can begin to envision more clearly the complexity of the transcription factor-based rheostats that regulate effector and memory cell transcriptomes in CD8 + T cells.
ID2 and ID3.
Inhibitor of DNA binding 2 (ID2) and ID3 are another pair of transcription factors that have important roles in effector and memory CD8 + T cell development. They operate in part by inhibiting the DNA-binding activity of E protein transcription factors. Both ID2 and ID3 are expressed by effector CD8 + T cells, but their activities seem to be separated somewhat temporally. For example, ID2 supports the survival of effector CD8 + T cells early during the naive to effector cell transition, whereas ID3 supports their survival later during the effector to memory cell transition [81] [82] [83] . In addition to supporting clonal expansion, ID2 is important for the formation of terminal KLRG1 hi IL-7Rα low effector T cells 83 . ID3, by contrast, is required for the generation of long-lived memory CD8 + T cells, and its overexpression sustains the survival of effector CD8 + T cells that normally die during the contraction phase of the response 81, 83 . Moreover, within a few days of infection, increased ID3 expression can distinguish those effector CD8 + T cells that are starting to acquire a memory precursor cell genetic signature 83 . ID3 is a direct target of BLIMP1-mediated repression 81 , and therefore the ratio of ID2 to ID3 levels differs between effector cell subsets. The ID2 to ID3 ratio is higher in KLRG1 hi IL-7Rα low terminal effector T cells than in KLRG1 low IL-7Rα hi memory precursor T cells [81] [82] [83] . Interestingly, the pro-survival effects of ID2 and ID3 seem to be distinct. For example, ID2 mediates the expression of pro-and anti-apoptotic genes, including Bcl2, Serpinb9 and Bcl2l11 (which encodes BIM), whereas ID3 induces the expression of 'caretakers' of DNA replication and genome stability, including FOXM1, NEK2 and members of the minichromosome maintenance and kinesin complexes 81, 83 . Thus, despite their common ability to bind E proteins, ID2 and ID3 function in a non-redundant manner to modulate the differentiation and survival of effector CD8 + T cells.
STAT3, STAT4 and STAT5.
JAK-STAT signalling pathways are, arguably, the most central signalling pathways in effector T cell differentiation and in the survival and homeostasis of memory CD8 + T cells. There are seven members of the STAT family in mammals (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and STAT6), which are mainly known for their function as transcription factors, although non-nuclear STAT functions have also been described [84] [85] [86] . Although most JAK-STAT-associated cytokine receptors function through a dominant STAT protein, it is clear that multiple STATs can be activated downstream of a single receptor. Therefore, it remains a challenge to understand how different pro-inflammatory cytokines -such as type I IFNs, IFNγ, IL-2, IL-12, IL-21 and IL-27, which enhance CTL proliferation and differentiation -regulate gene expression in effector CD8 + T cells in cooperative and distinct manners. Various mechanisms, however, do exist to differentially modulate STAT activity in various subtypes of T cell. The most direct mechanism is to alter the expression of the cytokine receptors themselves to influence the range of cytokines that a T cell can sense. In CD4 + T cells, for example, inverse expression levels of the receptors for IL-12 and IFNγ versus IL-4 have a role in T H 1 versus T H 2 cell specification. In CD8 + T cells, a higher level of expression of IL-2Rα is associated with effector CTLs that acquire increased expression of BLIMP1 and terminally differentiated states, which indicates that intense or prolonged IL-2-mediated signalling promotes proliferation and terminal CTL differentiation 37, 38, 71 . A higher level of expression of IL-2Rα is also observed in T H 1 cell progenitors compared with T FH cell progenitors 2, 87 .
Other mechanisms that modulate STAT activity in CTLs have been described. For example, STAT1 levels decline in effector CD8 + T cells as these cells proliferate during viral infection 88 . Given that type I IFNs activate both STAT1 and STAT4 in effector CD8 + T cells 89 , this suggests that type I IFN-mediated signalling qualitatively changes from a STAT1-dominated to a STAT4-dominated response over time. Moreover, increased levels of STAT4 activity -resulting from IL-12-and possibly type I IFN-mediated signallingenhance T-bet expression and the terminal differentiation of KLRG1 hi IL-7Rα low T cells in L. monocytogenes infection 6, 90 (W.C. and S.M.K., unpublished observations). Lastly, a recent study elegantly showed that, in addition to dimerization, tetramerization of STAT5A and STAT5B is crucial for the normal gene expression and function both of virus-specific CD8 + T cells during LCMV infection and of T Reg cells 91 . Suppressor of cytokine signalling (SOCS) proteins are an important set of inhibitors that refine the quality and quantity of JAK-STAT signalling in T cells 92 . The expression of SOCS5 by T H 1 cells, SOCS3 by T H 2 cells and SOCS1 by T H 17 cells helps to insulate these cell subsets from cytokines that direct alternative CD4 + T cell fates [92] [93] [94] . Our recent work found an important role for STAT3 and its target gene Socs3 in memory CD8 + T cell development. In the absence of STAT3, LCMV-specific CD8 + T cells were unable to mature into a protective population of self-renewing memory cells but, instead, maintained a highly activated terminal effector cell phenotype. STAT3 was required to sustain the expression of SOCS3, BCL-6, EOMES, IL-7Rα and CD62L during the effector to memory cell transition, and the decreased amount of SOCS3 in STAT3-deficient CD8 + T cells caused them to become hyperresponsive to IL-12 (REF. 75 ). Another study found a similar role for STAT3 in human memory CD8 + T cells, as patients with hyper-IgE syndrome, who produce a dominant-negative form of STAT3, had decreased numbers of memory T cells and a paucity of T CM cells 95 . It is unclear whether the expression or function of the different STAT factors in T cells is as diametrically opposed as the other transcription factor pairs that we have described (that is, BLIMP1-BCL-6, T-bet-EOMES and ID2-ID3), but evidence suggests that such a reciprocal interaction might occur to a certain degree. For example, in CD8 + T cells, STAT4 and STAT3 largely promote distinct cell fates (terminal effector versus memory cell fates) and, in CD4 + T cells, STAT3 and STAT5 compete with one another for binding to the Il17 locus, thereby influencing T H 17 versus T Reg cell fates 6, 65, 75, 96 . Collectively, these findings support a contemporary model wherein the transcriptional programmes that control effector CD8 + T cell differentiation and memory cell potential are based on the graded expression of competing sets of transcription factors. As the expression or activity of T-bet, BLIMP1, ID2 and STAT4 increases and surpasses a given threshold during infection, effector CD8 + T cells acquire more terminally differentiated phenotypes that are associated with reductions in proliferative capacity and longevity. These factors counter-regulate, and may also interact with, an opposing set of transcriptional regulators, including EOMES, BCL-6, ID3, TCF1 and STAT3, that prevent terminal differentiation and/or help to maintain memory cell properties, such as long-term survival, proliferative potential, developmental plasticity and the ability to self-renew (FIG. 3) . Such a gradient model also provides a flexible way to manage the size and quality of the CD8 + T cell population during infection, particularly when one considers the unpredictable properties of an infection, which can vary in intensity, tropism and duration. Most importantly, this model achieves the primary goal of a T cell response: to simultaneously generate an expendable pool of effector cells to combat the present infection and a pool of long-lived progenitors to combat future infections. As the discovery of signalling pathways and transcription factors involved in effector and memory CD8 + T cell development continues, it will be essential to identify how these factors cooperate or impede each other's function, the target genes that they bind to and the epigenetic marks that they create, in a similar manner to the pioneering efforts in CD4 + T cells 79, 80, [96] [97] [98] .
Metabolic regulation of T cell differentiation
Another burgeoning area of research on T cells is immunometabolism -the interconnection between cellular metabolism and T cell differentiation, effector function and lifespan. Resting naive or memory T cells primarily generate cellular energy in the form of ATP through fatty acid oxidation and mitochondrial oxidative phosphorylation. However, following activation, T cells undergo a metabolic switch to aerobic glycolysis and lipid synthesis to meet the tremendous bioenergetic and biosynthetic demands for rapid clonal expansion and the production of effector molecules [99] [100] [101] . It is thought that, following pathogen clearance, effector CD8 + T cells reduce their dependence on glycolysis and are gradually 'reset' back to a more catabolic state of mitochondrial oxidative phosphorylation to survive mitogen and growth factor withdrawal and further develop into memory CD8 + T cells 100, 101 (FIG. 4a) . Although the mechanistic details supporting this model are currently sparse, this switch from glycolysis to fatty acid oxidation during the effector to memory cell transition probably involves the transition from a metabolic state governed by phosphoinositide 3-kinase (PI3K)-AKT-mTOR signalling to a metabolic state governed by AMP-activated protein kinase (AMPK), as described below [100] [101] [102] . Nature Reviews | Immunology The nutrient-sensing kinase mTOR signals through two complexes, mTORC1 and mTORC2, and promotes AKT activation (through mTORC2), glycolysis, clonal expansion and the generation of effector T cells 102 . The PI3K-AKT-mTOR pathway is activated by TCR signalling and sustained by pro-inflammatory cytokines such as IL-2 and IL-12 (REFS 65, (103) (104) (105) . By contrast, cellular stress and ATP deprivation activate AMPK, which in turn inhibits mTOR and enhances fatty acid oxidation, autophagy and other stress responses to cope with limiting resources 100, 101, 104, 106 . Although widely known for its immunosuppressive effects, surprisingly the mTOR inhibitor rapamycin enhances the formation of memory CD8 + T cells and their precursors when administered at low doses during LCMV infection 65, 67, 103, 104 . AMPK activity is thought to promote memory CD8 + T cell development, because treatment with metformin (an AMPK activator) or overexpression of carnitine palmitoyltransferase 1A (which increases mitochondrial fatty acid transport and oxidation) augments memory CD8 + T cell development during L. monocytogenes infection 104, 106 . Together, these studies suggest that a metabolic switch from glycolysis to fatty acid oxidation or other catabolic processes is required for effector CD8 + T cells to survive and develop into memory CD8 + T cells. A prediction of this model would be that, compared with other effector CTLs, IL-7Rα hi memory precursor cells more efficiently undergo this metabolic switch to persist long-term.
In addition to the direct effects of mTOR on T cell metabolism, several recent studies have outlined a crucial role for mTOR in regulating STAT activity and the expression of several key transcription factors that control effector and memory T cell development. For example, mTORC1 helps to specify T H 1 and T H 17 cells, whereas mTORC2 has a greater role in T H 2 cell development, by differentially regulating the activity of STAT4, STAT3 and STAT6, respectively 94, 107 . A deficiency of both mTORC1 and mTORC2 in T cells impairs the development of all three effector CD4 + T cell types (T H 1, T H 2 and T H 17 cells), but not that of T Reg cells; this is in keeping with the notion that effector T cells primarily use glucose for fuel, whereas T Reg cells primarily use fatty acids 94, 107, 108 . Other reports have extended this paradigm to CD8 + T cells by showing that IL-12-STAT4 signalling sustains PI3K-AKTmTOR activity and inhibits the transcription factor FOXO1, which functions as a molecular switch to simultaneously induce T-bet expression and repress EOMES expression 65, 67, 109 (FIG. 4b) . Given that increased T-bet expression drives the formation of terminally differentiated KLRG1
hi IL-7Rα low effector CD8 + T cells during viral infection 6 , this finding helps to explain why the inhibition of mTOR activity with rapamycin or metformin promotes memory cell formation in the above studies. In addition to T-bet and EOMES, FOXO1 regulates the expression of other key genes involved in effector and memory CD8 + T cell migration and survival, such as those encoding IL-7Rα, CC-chemokine receptor 7 (CCR7), CD62L, BCL-2, Krüppel-like factor 2 (KLF2) and IFNγ 67, 109, 110 . Figure 4 | Model for the metabolic regulation of effector and memory T cell differentiation. a | Resting naive or memory T cells primarily generate ATP through fatty acid oxidation and mitochondrial respiration (which are catabolic processes), but following activation the T cells undergo a metabolic switch to lipid synthesis (an anabolic process) and aerobic glycolysis to meet the bioenergetic and biosynthetic demands for rapid clonal expansion and the production of effector molecules. Following pathogen clearance, it has been proposed that effector CD8 + T cells reduce their dependence on glycolysis and are gradually 'reset' back to a more catabolic state to survive and further develop into memory CD8 + T cells. b | In response to T cell receptor (TCR), co-stimulatory and cytokine signals, the activity of the phosphoinositide 3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) pathway has a key role in regulating effector CD8 + T cell metabolism and differentiation by orchestrating nutrient uptake, protein translation and lipid synthesis in rapidly proliferating effector T cells. Typically AKT functions upstream of mTOR complex 1 (mTORC1) and downstream of mTORC2, but a recent study 110 has shown that S6 kinase (S6K) can be activated independently of AKT in CD8 + T cells. By contrast, cellular stress and ATP deprivation (that is, an increased AMP to ATP ratio) activate AMP-activated protein kinase (AMPK), which in turn inhibits mTOR and enhances fatty acid oxidation to cope with limiting resources. In addition, these pathways can modulate effector T cell fate decisions through transcriptional regulation. Sustained PI3K-AKTmTOR activity inhibits forkhead box O1 (FOXO1), which acts as a molecular switch to simultaneously induce T-bet and repress eomesodermin (EOMES) expression, and thereby promotes the clonal expansion and terminal differentiation of effector T cells. 4EBP, eIF4E-binding protein; PDK1, 3-phosphoinositide-dependent protein kinase 1.
mTORC1
(mTOR complex 1). A complex composed of mTOR, regulatory associated protein of mTOR (RAPTOR), LST8 (also known as GβL), RAS40 and DEPTOR. This complex is characterized by the classic features of mTOR, in that it functions as a nutrient, energy and redox sensor and controls protein synthesis.
mTORC2
(mTOR complex 2). A complex composed of mTOR, rapamycin-insensitive companion of mTOR (RICTOR), LST8 and SAPK-interacting protein 1 (SIN1). mTORC2 phosphorylates the serine/ threonine protein kinase AKT at a serine residue (S473). mTORC2 has also been shown to function as an important regulator of the cytoskeleton.
Hayflick limit
The number of times that a normal cell population will divide before it stops and enters a phase of senescence.
The effector to memory T cell transition Although the effector to memory T cell transition seems to run on 'autopilot' (that is, it is a passive process that proceeds independently of instructions), gene and protein expression data suggest that the surviving cells must continue to differentiate to some degree to acquire 'fully fledged' memory cell properties, such as increased proliferative responses to their cognate antigen and to the homeostatic cytokines IL-15 and IL-7 (REFS 22, 75, 111) . These functional changes are accompanied by phenotypic changes that enrich the diversity of the memory T cell pool
. For example, in many cases, the proportion of IL-7Rα hi CD27 hi CXCR3 hi CD62L hi KLRG1 low memory T cells increases over time, and this directly correlates with increased expression of BCL-6, EOMES, TCF1 and BCL-2 and decreased expression of T-bet, granzyme B and KLRG1 in the memory T cells 68, 75, 95 . These longitudinal studies demonstrate that, following an acute infection, T CM cells tend to accumulate over time. However, this process can be altered by latent or persistent infection, which shows that the composition of the memory CD8 + T cell pool is influenced by the nature of the pathogen or the course of infection 112 . It is unclear how this progressive maturation after acute infections is regulated, but recent work has shown that the process involves STAT3-activating cytokines, such as IL-10 and IL-21, and WNT signalling pathways 68, 75, 95, 113 . Deprivation of both IL-10 and IL-21 or the loss of STAT3 during LCMV infection severely affected memory T cell maturation; indeed, as mentioned above, very few KLRG1 low IL-7Rα hi CD62L hi EOMES hi BCL-6 hi CD8 + T CM cells accumulated after infection in these experiments 68, 75, 95 . Work by others has shown that TCF1 and EOMES are also coordinately involved in generating populations of mature memory CD8 + T cells that contain T CM cells and respond well to secondary infection or IL-15 (owing to increased IL-2Rβ expression) 68 . In vitro, WNT3A stimulates EOMES expression through TCF1, which is a downstream transcription factor of WNT signalling, and overexpression of EOMES can compensate for TCF1 function to a certain degree 68 . Moreover, the combined deletion of the genes encoding β-catenin and γ-catenin (which presumably function downstream of WNT proteins) impairs the development of memory CD8 + T cells, whereas the ectopic expression of TCF1 and stabilized β-catenin in antigen-specific CD8 + T cells enhances memory cell development 68, 114, 115 . WNT3A also seems to promote the development of CD44
hi memory 'stem cells' 116 . Together, these reports strongly suggest that the canonical WNT signalling pathway is important for the maturation and homeostasis of memory T cells in vivo, although the actual WNT factors or receptors involved in this process have yet to be identified. Lastly, the fact that STAT3-deficient memory CD8 + T cells also have decreased EOMES expression indicates that the IL-10-STAT3 or IL-21-STAT3 pathway and the WNT-β-catenin-TCF1 pathway cooperate to maintain the survival, plasticity and proliferative fitness of memory CD8 + T cells.
Effects of re-infection on memory T cells Most of the above discussion focuses on our understanding of memory CD8 + T cell development during an acute primary infection or following a primary vaccination, but over the course of an individual's lifetime memory T cells will be repeatedly, or in some cases persistently, reexposed to the same pathogen. A greater discussion of the effects of chronic antigen exposure on CD8 + T cell differentiation can be found in BOX 2. After successive infections, memory CD8 + T cells persist in an extended T EM cell state in which they have increased cytotoxicity and higher levels of expression of granzyme B and KLRG1, but decreased expression of CD62L, CCR7 and CD27 117, 118) . In general, secondary and tertiary memory cells also express IL-7Rα and can persist longterm despite a reduced ability to undergo homeostatic proliferation [12] [13] [14] 117, 118 , indicating that KLRG1 expression is not a strict indicator of CD8 + T cells with a shortened lifespan in memory CD8 + T cell populations. Compared with primary memory CD8 + T cells, secondary memory CD8 + T cells are more responsive to inflammation and offer greater protection against certain types of infection. However, their reduced trafficking to lymph nodes and decreased proliferative capacity could limit their ability to control pathogens that target lymphoid tissues or replicate extremely rapidly, such as LCMV clone 13 117, 119) . Similarly to the phenotype of primary memory CD8 + T cells, the phenotype of secondary memory T cells can be affected by the pre-existing memory cell precursor frequency, the amount or type of inflammation and their level of T-bet expression 14, 119 . Indeed, secondary and tertiary memory CD8 + T cells have a more effector-like gene expression signature, as they have increased levels of the mRNAs encoding granzyme B, CCR5, IL-2Rα, T-bet, BLIMP1 and ID2, and decreased levels of the mRNAs encoding CCR7, CD62L, TCF1, ID3 and MYC compared with primary memory T cells 118 . However, repetitive stimulation of memory CD8 + T cells does not induce hallmarks of T cell exhaustion, such as expression of the inhibitory receptors programmed cell death protein 1 (PD1), lymphocyte activation gene 3 (LAG3), CD160, cytotoxic T lymphocyte antigen 4 (CTLA4) and CD244 (REF. 118 ).
The progressive loss of T CM cells in secondary and tertiary memory populations implies that, over successive infections, the pool of memory T cells might reach a Hayflick limit through the accumulation of senescent T EM cells, and this has been observed in serial adoptive transfer experiments using memory CD8 + T cells [12] [13] [14] 120 . However, in contrast to the results from the adoptive transfer of small numbers of memory CD8 + T cells, the serial infection of immune animals has shown that the memory CD8 + T cell population can be repeatedly boosted to yield larger numbers of antigen-specific memory CD8 + T cells 12, 121 . Moreover, our studies have suggested that the increased precursor frequency of antigen-specific memory CD8 + T cells that naturally exists after infection might function, in essence, as a cellular form of 'herd immunity' by reducing the re-exposure of memory T cells to signals that drive terminal differentiation (such as the cognate antigen and inflammation).
This could help to preserve the proliferative fitness of the pool of memory CD8 + T cells 14 . Although the correlates of immune protection for several life-threatening infectious pathogens are still unclear, the above studies outline several key factors that need to be considered in the design of future prime-boost vaccines.
Concluding remarks and perspective
This Review has focused on the recent advances over the past decade in our understanding of the mechanisms by which CD8 + T cells coordinate a large number of signals during infection to create diverse types of effector and memory T cell. As we begin to uncover the signals and transcriptional programmes that regulate memory T cell potential, phenotype and function, an important question that arises is how this information can be used to enhance protection against infectious diseases and cancer or, alternatively, to suppress T cell function to prevent autoimmunity or transplant rejection. Currently, several clinically relevant biologics are aimed at directly blocking T cell-derived cytokines or receptors; however, the modulation of memory T cell differentiation states could be another potential therapeutic tactic that might have more stable results. Moreover, we are discovering a more intricate relationship between our immune system and the metabolic fitness and function of organs and tissues. The tissue environment can affect the phenotype, function and longevity of memory B and T cells, but much remains to be learnt about how the function of an organ is, conversely, affected by the memory T cells that dwell within. This could have important implications for tissue homeostasis, inflammatory disease, obesity and ageing. The availability of innovative techniques such as intravital imaging, epigenomic profiling and metabolic analyses should provide more opportunities for us to further our understanding of these issues, and this will ultimately help to improve vaccine design and the treatment of infectious and inflammatory diseases and tumours.
